Objective: To quantitatively examine changes in p53 tumor suppressor gene immunostaining after carbon dioxide (CO 2 ) laser resurfacing of photodamaged skin to assess the potential value of this treatment in reducing the risk of progression to cutaneous carcinoma.
C
ARBON DIOXIDE (CO 2 ) LAser resurfacing is a frequently used therapeutic modality for improving the appearance of photodamaged skin, and it has also been reported to be successful in the treatment of a number of benign cutaneous lesions. [1] [2] [3] [4] Its utility in the eradication of and prophylaxis against premalignant lesions and superficial cutaneous carcinomas remains more controversial. [5] [6] [7] [8] There is a general scarcity of literature that evaluates the effectiveness of CO 2 laser resurfacing in treating actinic keratoses or other signs of premalignancy, and most of the studies on this subject to date are mainly clinical. We, therefore, sought to assess the effects of CO 2 laser therapy on photodamaged skin from a quantitative immunohistochemical perspective.
Mutations in the tumor suppressor gene, p53, are highly associated with cutaneous squamous cell carcinoma and actinic keratoses. [9] [10] [11] [12] ( We are aware of the recent controversy in the literature regarding whether to categorize actinic keratoses as a subtype of squamous cell carcinoma or simply a precursor lesion, but the following analysis of the effects of laser resurfacing on p53 staining would hold regardless of this classification. 9, 13 ) In addition, Jonason et al 14 reported the frequent existence of clonal populations of p53-mutated keratinocytes in noncancerous skin, which are found at a higher frequency in sun-exposed areas. Given the "multiple-hit" theory of carcinogenesis, nonmalignant keratinocytes with p53 mutations are likely at a higher risk of neoplastic progression and, ultimately, transformation to invasive skin cancer. Thus, the presence of p53 mutations may serve as a marker for both photodamage and an elevated risk of developing cutaneous carcinoma. 15 Furthermore, recent work by El-Domyati et al 16 demonstrated enhanced expression of wild-type p53 in sunexposed skin that was more pronounced in older subjects. This was associated with a decrease in the number of apoptotic cells in skin examined by biopsy with advancing age in sun-exposed areas. The decrease in apoptotic cells was thought to potentially impact the proliferation-apoptosis balance in affected skin, and thus it was postulated to potentially play a role in tumorigenesis. Therefore, even the presence of enhanced expression of wild-type p53 in photodamaged skin may suggest a precancerous state or at least an elevated risk of skin cancer formation.
STUDY
Both mutations in the p53 gene and the increased expression of wild-type p53 protein found in photodamaged human skin are detectable by immunohistochemical techniques. 14, 17, 18 We reasoned that the number of p53-positive keratinocytes could serve as an indicator of the extent of a premalignant state in tissue studied by biopsy. In this study, we examined changes in p53 immunostaining after CO 2 laser resurfacing of clinically photodamaged skin to assess the potential value of this treatment in minimizing the risk of progression to cutaneous carcinoma.
METHODS
This study was approved by the institutional review board of the University of Michigan Medical School, Ann Arbor, and informed consent was obtained from all study subjects. Tissue was obtained from subjects participating in a clinical trial studying the effects of pretreatment with tretinoin on wound healing after CO 2 laser resurfacing (authors' unpublished data, 2004). Subjects aged 51 to 76 years with clinically evident photodamage of the forearms were recruited. This was a prospective, randomized, blinded clinical trial during which subjects' forearms were focally treated with a CO 2 laser (Ultrapulse; Coherent Inc, Santa Clara, Calif) after a 3-week period of serial applications of tretinoin to one forearm and a placebo (identical vehicle cream without the retinoid) to the other forearm. Only data derived from the biopsy specimens obtained from placebotreated forearms are included in this article. The CO 2 laser settings used include 300 mJ and 60 W with computer pattern generator settings of 3/5/6 and/or 3/5/9. Of note, subjects were specifically instructed to avoid sun exposure both before the procedure and during the period of reepithelialization of the wounds. Punch biopsy specimens (3 mm) were obtained at baseline and at day 21 after laser resurfacing (after reepithelialization had occurred) in all subjects, and at 6 months after treatment in 6 of the patients. Immunohistochemical staining for p53 was performed, and image analysis was used to quantify the number of positive-staining cells. These studies used p53 monoclonal antibody DO-7 (DAKO Corp, Carpinteria, Calif). Staining was performed as previously described. 19 Changes in p53 immunostaining, as measured by the number of positive cells per square millimeter, were evaluated at 3 weeks and 6 months after CO 2 laser treatment, relative to pretreatment levels, by means of repeated-measures analysis of variance. Mean levels at each of the 2 posttreatment time points were compared with pretreatment levels by Dunnett test. The type I error rate was set at .05. Summary statistics include minimum and maximum values, means, and standard errors. The data were analyzed with SAS statistical software (SAS Institute Inc, Cary, NC).
RESULTS
Before treatment, positive immunostaining for p53 was noted in 8 of 11 subjects. The p53-positive cells were observed in basal and suprabasal keratinocytes, in clusters and throughout the interfollicular epidermis (Figure 1 ). Among subjects with positive staining, image analysis showed an average staining density of 250 stained cells per square millimeter (Figure 2) . Staining density was reduced to an average of 3 cells/mm 2 after reepithelialization of the CO 2 laser-induced wounds, on day 21 after laser resurfacing. Thus, the density of p53-positive cells was reduced to approximately 1% of the pretreatment level. Among the 6 subjects who consented to provide additional tissue samples 6 months after treatment, average staining density remained decreased at an average of 5 cells/mm 2 , or 2% of the pretreatment level (Figure 2) . The changes noted were statistically significant.
COMMENT
Cancer is thought to develop through a series of genetic "hits" to previously normal tissue, which progresses from a premalignant state to invasive malignancy. One such genetic hit is mutation of the p53 tumor suppressor gene, a common occurrence in cutaneous carcinomas that facilitates the accumulation of subsequent mutations. 12, 20, 21 A therapeutic modality that decreases the number of keratinocytes containing p53 mutations should reduce the risk of malignant progression to invasive skin cancer.
Because of the well-known ability of CO 2 laser resurfacing to reproducibly remove the entire interfollicular epidermis, this procedure should eliminate a large percentage of the p53-mutated keratinocytes in treated skin. If the repopulating keratinocytes are negative for p53 mutations, the risk of skin cancer development should be reduced. In fact, a previous study suggests that the regenerated epidermis seen after healing of CO 2 laserinduced wounds in photodamaged skin is without significant histologically detectable atypia, and previous clinical studies have reported the successful elimination of actinic keratoses and superficial skin cancers with this treatment. 6, 7, 22 Various other procedures, including chemical peels and dermabrasion, have similarly been purported to be useful in the prophylactic treatment of actinically damaged skin. 23 However, there are also reports in the literature that suggest that ablative laser resurfacing may not be particularly efficacious for the treatment of premalignant or malignant lesions associated with actinic damage. For example, Fulton et al 8 described the fairly frequent (14.3%) development of actinic keratoses or basal cell carcinomas within 1 year among 35 patients who underwent CO 2 laser resurfacing.
Given that the value of CO 2 laser resurfacing when used as prophylaxis against the development of actinic keratoses and cutaneous carcinomas remains controversial, we sought to establish objective, quantitative evidence to substantiate this potential role for the procedure. El-Domyati and coworkers 24 recently reported a similar approach in examining the effects of tretinoin therapy, superficial chemical peeling, and dermabrasion on p53 immunostaining. In our study, there was a consistent decrease in p53-positive cells in the interfollicular epidermis as compared with baseline in lasertreated photodamaged skin. This was sustained for at least 6 months after a single 2-pass CO 2 laser resurfacing procedure. It has been demonstrated that p53 mutations usually lead to immunopositivity. 25 To the extent that p53 immunostaining is a reliable indicator of mutations in the p53 gene, the reduced number of keratinocytes with abnormal p53 expression should, as noted above, decrease the risk of neoplastic progression to skin cancer because cells with at least 1 previously detectable genetic hit have been eliminated by the procedure.
In addition, elevated expression of positively staining wild-type p53 in sun-exposed skin has been described and is associated with a decrease in cellular apoptosis. 16 We postulate that this may also suggest a precancerous state and/or serve as a marker for chronic photodamage. Thus, the elimination of even wild-type p53 overexpression (as defined by immunopositivity) may have some prophylactic benefit. In this pilot study, p53-positive keratinocytes were found both clustered (suggesting mutant p53) and more diffusely scattered throughout the interfollicular epidermis (suggesting wild-type p53) before laser resurfacing. Staining in both clustered and/or diffuse patterns was nearly eliminated by the treatment. The removal of clustered clones of p53-mutant keratinocytes is clearly suggestive of some prophylactic benefit, but the impact of decreasing the number of cells overexpressing wild-type p53 is less clear.
It should be noted that acute exposure to ultraviolet irradiation may transiently increase expression of positively staining wild-type p53. 11, 26, 27 To minimize such acute effects, we asked subjects to avoid sun exposure, both before resurfacing and during the period of reepithelialization after the treatment. Although such acute sun exposure would not impact the demonstration of mutant p53, it is possible that some of the p53 expression detected before resurfacing (especially in nonclustered cells) could have been due to recent sun exposure, and may therefore be wild-type p53. The benefits of eliminating such sunlight-induced wild-type p53 expression are again not clear at this time.
The potential prophylactic benefit of CO 2 laser resurfacing would likely be even more profound if this procedure proves to destroy premalignant epidermal stem cells. 28, 29 There is controversy in the literature regarding whether these cells reside in the interfollicular basal layer, exclusively in the bulge region of the hair follicle, or in both locations. 30 We cannot comment on the ability of CO 2 laser therapy to affect follicularly based stem cells. However, as some stem cells likely reside in the interfollicular epidermis, we can speculate that the treatment eliminates some p53-mutated stem cells, given the essentially complete loss of p53-staining cells after treatment. This is in keeping with recent work by Urato et al, 31 who analyzed DNA derived from putative epidermal stem cell colonies for mutations in exon 7 of the p53 gene in actinically damaged facial skin of patients undergoing CO 2 laser resurfacing. In that study, among all 8 subjects who had such mutations at baseline, none showed exon 7 p53 mutations after the procedure. It was hypothesized that, after removal of photodamaged interfollicular stem cells via laser resurfacing, reepithelialization from photoprotected hair follicle-derived stem cells resulted in the findings noted by Urato et al. 31 It is vital to note that the potential prophylactic benefit of ablative laser therapy does not imply that treated areas are free of the risk of developing skin cancer. Premalignant and/or malignant follicular epithelial cells or interfollicular epidermal cells originally found lateral to the treated skin may still migrate into the laser-treated area, providing the basis for the development of actinic keratoses, squamous cell carcinomas, or basal cell carcinomas. In addition, clinically undetectable but preexisting skin cancers located deep to the area treated by the laser may ultimately become evident. Furthermore, inadvertent incomplete resurfacing could also allow a small number of residual mutant cells to proliferate. However, because "risk" is by definition a question of numbers, the treatment would be expected to have prophylactic value by simply lowering the likelihood that a p53-mutated cell completes the transformation into a malignant cell, because of the diminished numbers of such cells remaining after cutaneous resurfacing. Thus, development of actinic keratoses or clinically significant cutaneous carcinomas after CO 2 laser resurfacing may not indicate a complete failure of the procedure's prophylactic utility, but rather may be a matter of some patients losing the "numbers game," as we might expect. For example, although it is somewhat discouraging that 5 of 35 patients in the series reported by Fulton et al 8 developed actinic keratoses or basal cell carcinomas within 12 months of laser resurfacing, given that these patients were described as having "extreme" sun damage, it may be that more of the subjects would have developed similar lesions or that the 5 "failures" would have developed greater numbers of lesions without the treatment. Additional controlled clinical studies are required to address these possibilities.
Despite clinically evident photodamage in all of our study subjects, only 8 of 11 had significant p53-positive staining before resurfacing. To the extent that we have assessed the potential prophylactic benefit of ablative laser resurfacing with respect to p53 immunostaining specifically, we cannot comment on the value of the treatment, if any, to subjects who did not have p53-positive keratinocytes at baseline. It may be that any number of other significant epidermal genetic mutations are eliminated by the treatment, but this is purely speculative.
The forearms were used as our treatment site in this study because of practical limitations in the number of skin samples that could be obtained from the face. While there may be minor differences in the ways photodamaged forearm and facial skin respond to laser resurfacing, there is no reason to believe that fundamental wound healing mechanisms are different at these sites. However, we cannot exclude the possibility that p53 immunostaining might be altered by ablative laser resurfacing in a different fashion in facial skin than was demonstrated in this study using forearm skin.
Finally, it must be noted that this is a preliminary study based on a fairly small number of subjects. If alterations in p53 immunostaining are ultimately used to assess the utility of CO 2 laser resurfacing as a prophylactic procedure in terms of the development of cutaneous malignancy, greater numbers of patients, studied for even longer posttreatment periods, will be necessary. Additional studies assessing the correlation between p53 immunoreactivity and mutations will also be warranted. Furthermore, evaluating variations in treatment parameters based on patient characteristics (the presence of hypertrophic actinic keratoses, for example) may also be of value. The results of the present study suggest that additional work in this area is warranted.
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